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Introduction

12
Most numerical studies of earthquake source dynamics have been based on a fixed 13 observation scale, namely the assumption of characteristic, or fixed-scale, fault 14 parameters for a target event; while there are few examples considering multi-scalability 15 of fault parameters (e.g. Andrews, 1976 heterogeneous stress field has recently been also attributed to the complex fault 21 geometry due to the irregular topography with respect to a tectonic force (e.g. Aochi 22 and Fukuyama, 2002) and/or the history of past events (e.g. Duan and Oglesby, 2005; 23 Shaw and Dieterich, 2007). As is natural, no detail smaller than an assumed model grid 24 size can be taken into account. 1 Recently, Ide and Aochi (2005) pointed out that multi-scale heterogeneity is essential in 2 modeling wide-scale self-similarity of the earthquake source process (e.g., Ide and effects between cracks (Yamashita and Fukuyama, 1996) or anelastic effects off the 16 rupture plane (Andrews, 2005) . Our model in this study is based on the former, namely 17 that fracture energy is regarded as an intrinsic parameter given in advance. On a fault 18 with a hierarchical G c distribution, a rupture propagates self-similarly and stops without 19 special mechanisms because the rupturing area is always covered by an area of larger D c 20 except for the largest characteristic earthquake of the system (Ide and Aochi, 2005) . 21 This does not mean that other heterogeneity in stress or other parameters in the friction 22 law are not important; however, there are few studies focusing on the fracture energy 23 and, therefore, it should be worth studying. The importance of this scaling problem is 24 1 This paper considers how this multi-scale heterogeneity can be taken into account when 2 discussing, not only single events of different magnitudes, but also a sequence of such 3 events. The conclusion inferred from the study of Ide and Aochi (2005) constitutive relation on the crack, the system approaches a limit cycle unless the grid 4 resolution is insufficient with respect to a characteristic scale determined by the fault 5 constitutive relation (Rice, 1993) . In this case, some other heterogeneity in the 6 parameters is required to generate the complexity of the seismicity in the continuum 7 medium as in the dynamic rupture process of single events. Numerical efforts have been 8 made to treat more complex heterogeneity and a large number of degrees of freedoms 9 have been added to simulate a wide range of earthquakes. As we focus on the effect of 10 dynamic earthquake events and so-called "asperities", we will adopt a friction law that 11 does not allow any aseismic slip during the simulation. There exist some studies, e.g. Let us consider a single isolated square fault segment under a far-field tectonic loading. is assumed in our model, namely heterogeneity in the stress field is generated naturally 2 according to the earthquake history and stress loading is uniform over the fault. . 3 Next it is assumed that each patch has fracture energy c G proportional to its radius:
5 so that the smallest patches represent the weakest points. A simple slip-weakening 6 friction law between shear stress τ and fault slip u ∆ is introduced to govern the 7 rupture process on the fault during slipping: In this section, we explain the part of the deterministic calculation of this simulation 21 based on the dynamic and static response in a homogeneous, infinite elastic medium.
22
Once rupture is initiated somewhere on the fault, we calculate the spontaneous dynamic the rupture has terminated, while the far-field stress is rapidly calculated on the 7 large-scale grids by using a renormalization technique. This is a good enough 8 approximation since the detail of the slip distribution mostly perturbs the region close to 9 the ruptured area and the change in the stress field is gradual at distance. This 10 significantly speeds up the process.
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The slip-weakening law in (4) has no healing mechanism, but it is unlikely that the 12 ruptured area remains weak a long time after the event. For simplicity, we, therefore, 13 assume that the fault is healed immediately after arrest, to its original strength value and 14 that it keeps the same value of fracture energy, or c D , resetting u ∆ to be zero in 15 Equation (4). The first event occurs under a uniform stress field, but the stress field 16 evolves to be heterogeneous through the ongoing seismicity. During the sequences, the 17 stress values may even become negative in our numerical system due to the 18 overshooting effect of the dynamic rupture process. However, "back slip" is prohibited, 19 as r τ in Equation (4) size under the applied stress τ within a fixed duration, is written using a Weibull 23 distribution:
1 where k (shape parameter) and λ (scale parameter) determine the shape of the 2 distribution and the characteristic stress level related to the maximum probability, 3 respectively. This probability P is defined to be zero when 0 τ ≤ and a condition of 4 5 τ > does not exist in our context. Equation (5) might be replaced by another 5 functional form, but the merit of using this function is that it is sufficient to study k 6 since λ is taken equal to the assumed peak strength ( λ = 5 MPa). that the microscopic stress perturbation on any patch is relatively independent of the 13 initiation probability that is controlled mainly by surrounding macroscopic stress field. 14 In the presence of tectonic loading, stress state and the probability of event occurrence Remembering that the minimum simulated event appears around magnitude M = 1 21 corresponding the smallest patches on the fault system, we assume that all the initiation 22 points are triggered at least once during these T years. The average event interval is 23 then int t = T (years)/16384 (events), and the mean probability of events is event P = We run each simulation for a hundred years, by running the stochastic initiation process It is found that the number of earthquakes accelerates with time and the maximum 13 magnitude also increases. This is controlled by the external stress level. First, the 14 increase of stress level raises the probability of the rupture initiation following Equation 15 (5) so that it eases the appearance of earthquakes with time. On the other hand, the 16 dominance of large events indicates that larger earthquakes require higher stress loading 17 over a large area, while small earthquakes can occur within a localized stress 18 accumulation. Higher background stress enhances patch interaction and growth to 19 become a large event.
20
It is not surprising that no earthquake appears just after a characteristic event. This is 21 because the stress is completely released across the entire fault and it takes time to 22 recover enough stress to lead to a new earthquake. This is a common feature in previous 23 studies, which do not introduce any specific mechanisms for delayed rupture, relaxation 3 In this section, we report the size distribution of the earthquakes. As already clearly 4 shown in Figure 4 , the greater tectonic stress accumulated with time, the larger the 5 earthquake that appears. This indicates that the larger earthquakes require widely 6 accumulated stress. On other hand, small earthquakes easily occur at any time without 7 growing to large events, mainly because they are controlled by small-scale 8 heterogeneities that are recovered relatively quickly. Figure 6 shows the size-frequency The spatial patterns of seismicity in Figure 7 have some interesting features. First, 5 although the seismicity is greatly distributed, some concentrations and/or gaps are found.
Earthquake size distribution
6
From the macroscopic view of the whole fault area, the seismicity is located more on 7 the upper section of the fault in (1) and (2) and located on the lower section in (3), for 8 example. On the other hand, in some cycles such as indicated in green for (4) and purple 9 for (5), the sequences sometimes leave a gap in certain areas and in the surrounding 10 regions many more earthquakes are found. In this case, the number of earthquakes also 11 increases ( Figure 5 ) and some dominant earthquake size appears ( Figure 6 ). Both 12 phenomena should be the result of some physical process of earthquake ruptures 13 regardless of the randomness of the rupture initiation. On the other hand, we find that 14 the hypocenters of the characteristic earthquakes are sometimes close to one other, as 15 four events in (1) and all events in (2), for example. In (3), the hypocenters are divided 16 into two different areas. We will next discuss these similarities and the complexity by 17 considering in detail the process of earthquake ruptures. (Figures 2 and 7) , we can find how each system becomes ready to rupture the 7 whole area, or the largest patch. Such instability requires some large areas with almost 8 complete stress drop. These areas may be formed dynamically within a single event as a 9 cascade, which we may call dynamic nucleation, or it may happen during many 10 precedent earthquakes as in a quasi-static nucleation.
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The fault heterogeneity maps (1) and (2) In contrast, large quasi-static nucleation areas with low stress appear before some 7 characteristic events for maps (4) and (5) in Figure 8 . In other words, this is a (Figure 7) . In other words, the characteristic earthquake 13 fails to occur following one favorable scenario and the system has to wait a long time 14 for the next possible scenario (see the third characteristic earthquakes) when the system 15 is highly charged and heterogeneous. This increases the seismicity (Figures 5 and 6 ), 16 especially small earthquakes occurring in the surrounding area, which cannot become 17 large enough to lead to a characteristic event (Figure 7 ). These are anomalies in the fault 18 system, controlled by the timing of an intermediate earthquake.
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Map (3) in Figure 8 shows similar characteristics to maps (1) and (2) heterogeneous stress field generated rapidly by some initial earthquakes controls the 13 following sequence. It also suggests that any anomaly in the initial stress field may 14 control the whole earthquake sequence. 15 It is widely known that some cellular automaton models generate a Gutenberg-Richter 16 like size-frequency distribution (e.g. Bak and Tang, 1989) , while elastic continuum 17 models with a characteristic length converge into a periodic behavior (e.g. Rice, 1993 ).
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Our system behavior cannot be interpreted using these two end members. Gutenberg-Richter relation (Ide and Aochi, 2005 ) even without any system evolution. 24 As the introduction of system evolution sometimes interferes with the intrinsic features 1 of the system, anomalies found in the current simulation might be hidden if we consider 2 further complexity of the natural system. 3 Our general concern for natural earthquakes is how a characteristic earthquake appears 4 in the seismic cycle. We assume built-in heterogeneous heterogeneity map. To the bottom, the maximum, the minimum and their difference are 5 presented for each map. To the right, the maximum, the minimum and the difference are 6 calculated for the averages of each simulation. 
